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Abstract 
We investigated the spin dynamics of a vortex state in a core-shell magnetic nanodisk driven by an 
oscillating field applied perpendicular to the disk plane by means of micromagnetic simulations. The 
nanodisk comprises a Py (Fe0.2Ni0.8) core of 100 nm in radius, surrounded by a 50 nm thick Fe shell. 
Fourier transform analyses show that the Py core and the Fe shell dominate spin-wave oscillation at the 
fundamental and higher order radial modes, respectively. For oscillating driving field tuned to the 
fundamental eigenfrequency, the Py/Fe interface effectively confines spin-wave excitation in the Py core 
region. This effect leads to significantly more rapid vortex core (VC) reversal in comparison to 
homogeneous disks. Our work demonstrates that the higher order modes can drive much faster VC 
reversal than the fundamental mode, in sharp contrast to the results obtained in homogeneous disks. With 
excitation levels up to 30 mT, we find strong nonlinear spin-wave dynamics in the system, which results 
in mode frequency redshifting, therefore the observation of the most rapid VC reversals below 
eigenfrequencies and VC switching in wide ranges of frequencies. 
 
 
 
 
 
 
 
1. Introduction 
Investigation of the spin dynamics in nanomagnets is an important subject of both 
fundamental physics and technological applications such as logic circuits[1-5], 
magnetic storage devices[1,6,7] and microwave oscillators[8-10]. In ferromagnetic 
nanodisks, the competition between exchange and magnetic dipole interactions favors 
a magnetic vortex (MV) state[3,11,12], in which the magnetization rotates in-plane 
around a vortex core (VC) that is magnetized perpendicular to the disk plane. This 
topologically nontrivial magnetic configuration is characterized by the upward or 
downward magnetization direction of the VC (vortex polarity p =  1), and the 
counterclockwise or clockwise rotation of magnetization around the core (vortex 
chirality c =1). Experimental[6,13-17], theoretical[18-20] and numerical studies[21-
24] have revealed that spin-wave excitation plays a key role in the dynamics of the 
polarity reversal of a MV state. These findings opened a possibility to implement vortex 
state nanodots in magnetic random-access memories[25,26]. A MV state is 
characterized by three types of spin-wave modes, namely gyrotropic[27], azimuthal[28-
30] and radial[20,22,28,29]. The gyrotropic and azimuthal modes can be excited 
efficiently using in-plane AC magnetic field[6,14,17,31-35] or spin-polarized 
current[8,36,37]. In these two modes, the VC moves along a spiral path and switches 
its polarity through temporary creation and annihilation of a vortex-antivortex pair. The 
radial mode, distinct from the gyrotropical and azimuthal modes, is axially symmetric 
and can be excited by perpendicular AC magnetic field[22,23,38-42]. The breathing 
nature of radial mode forces repeated contraction and expansion of the VC. This process 
eventually results in a reversal of the exchange field followed by polarity switching at 
the core within a few picoseconds.  
 
Recent studies[20,27-29,43] have shown that the spin-wave excitation of a MV 
state strongly depends on the magnetic parameters of the nanodisk. To date, the spin 
dynamics in homogeneous nanodisks has been intensively studied. In contrast, we have 
little knowledge on the dynamical behaviors of heterogeneous nanodisks, despite that 
heterogeneous magnetic nanostructures have demonstrated compelling spin dynamic 
behaviors in the studies of magnonics[44-46]. In the present work, we report markedly 
different spin-wave dynamics in a core-shell magnetic nanodisk under the excitation of 
AC magnetic field applied perpendicular to the disk plane. Our micromagnetic 
calculations demonstrate that higher order radial modes can drive VC reversals much 
faster than the fundamental mode, in sharp contrast to the case of homogeneous disks. 
In addition, the VC switching is observed in wide ranges of field frequency. The 
oscillating field creates significant nonlinear spin-wave effects that result in mode 
frequency redshifting, hence the most rapid VC switching events do not correspond to 
the mode eigenfrequencies. 
 
2. Micromagnetic simulation model  
The model system in study is a 20 nm thick core-shell nanodisk. The permalloy 
(Py: Fe0.2Ni0.8) core is 100 nm in radius. An annular iron shell is in direct contact with 
the Py core and is 50 nm in width (Fig. 1(a)). We use the typical Py/Fe material 
parameters for micromagnetic simulations[47] in this session: saturation magnetization 
Ms = 800/1714 KA/m, exchange stiffness constant Aex = 13/21 pJ/m, magnetocrystalline 
anisotropy Kc = 0/47 KJ/m3 and Gilbert damping constant = 0.01/0.01. The exchange 
stiffness constant across the interface of Py/Fe is chosen to be intexA  = 16 pJ/m, which 
is the harmonic mean of Aex of Fe and Py[32].  
 
 
Fig. 1 (a) Schematic view of the core-shell nanodisk with indicated dimensions. The Py core (in purple) is 100 
nm in radius and the Fe shell (in green) has a width of 50 nm. (b) The mz profile of the initial vortex state along the 
horizontal line across the core center. The core polarity p is +1. (d) Variation of <mz-all>, <mz-Py> and <mz-Fe> with 
time after applying a sinc-function magnetic field, which is denoted in the main text, perpendicular to the disk plane.  
 
3. The radial spin-wave modes 
The nanodisk is initially in a vortex state with p = +1, and c = +1 (Fig.1 (a) and 
(b)). The sample is then stimulated by a sinc-function field  
0 0 0( ) sin[2 ( )] [2 ( )]zt B f t t f t t   B e  with B0 = 5 mT, t0 = 0.2 ns and f = 100 GHz. 
The oscillations of <mz-all>, <mz-Py> and <mz-Fe>, which are the z-component 
magnetizations (mz = Mz/Ms) averaged over the entire disk, the Py core and the Fe shell 
respectively, with the excitation of the sinc-function field, is shown in Figure 1(c). The 
much higher oscillation frequency of <mz-Fe> than <mz-Py> can be attributed to the 
significantly larger Aex and Ms of Fe than Py. Subsequent fast Fourier transform (FFT) 
on <mz-all>, <mz-Py> and <mz-Fe> then produces the FFT spectrums shown in Fig. 2 (a), 
which reveals four primary resonance peaks at fn = 13.0, 19.2, 24.0 and 27.8 GHz. The 
corresponding radial-spin-wave modes have indices n = 1, 3, 4 and 5 respectively, 
which can be determined from the number of nodes along the disk radius from the FFT 
amplitude and phase images of the modes shown in Figure 2(b). The FFT spectrums of 
<mz-Py> and <mz-Fe> in Fig. 2(a) indicate that the Py core dominates the spin-wave 
oscillation at f1 = 13.0 GHz, whereas the Fe shell oscillates much stronger than Py at f5 
= 27.8 GHz. Accordingly, the FFT amplitude images in Fig. 2 (b) illustrate strong spin-
wave oscillation in the Py core (r < 100 nm) but nearly zero oscillation in the Fe ring 
(r > 100 nm) for the n = 1 and n = 3 modes. For n = 4 and n = 5 modes, we observe 
significant spin-wave oscillation in the Fe ring, which can be explained by the much 
higher Ms and Aex of Fe than Py; thus, higher spin-wave frequency is favored in the Fe 
ring. The four fold symmetry in Fig 2 (b) is attributable to the cubic anisotropy of Fe. 
For comparison to the core-shell nanodisk, the inset of Fig. 2(a) illustrates the FFT 
spectrum of a homogeneous Py disk with the same overall size as the Py/Fe core-shell 
nanodisk. The homogeneous Py disk shows two resonance peaks at 11.3 and 15.6 GHz, 
which correspond to the n = 1 and 3 radial modes respectively. The absence of radial 
modes having even indices is due to the fact that homogeneous AC magnetic field only 
allows for the excitation of radial modes with an odd number n of nodes[23,39,41]. 
However, the heterogeneity of a core-shell nanodisk effectively breaks this principle, 
making the n = 4 radial mode observable.  
 
Fig. 2. (a) FFT Power spectrums of the damped oscillation of <mz-all>, <mz-Py> and <mz-Fe>, which was shown in 
figure 1(d). Four resonance peaks at frequencies of 13.0, 19.2, 24.0 and 27.8 GHz are identified, which corresponds 
to radial mode indices n = 1, 3, 4, 5 respectively. For comparison, the inset shows the FFT power spectrum, along 
with the FFT amplitude images, of a homogeneous Py disk with radius of 150 nm and thickness of 20 nm. (b) The 
FFT amplitude and phase images of the four radial spin-wave modes in the core-shell nanodisk. The images are 
obtained by Fourier transforming the time domain signal, <mz-all>, recorded at each location into the frequency 
domain. 
 
4. Dynamics of VC reversal and the nonlinear radial modes 
We then applied a single harmonic magnetic field 0( ) sin(2 )zt pB ft B e , where 
p = +1 is the initial core polarity, B0 = 30 mT is the field amplitude and f is the frequency, 
to stimulate the core-shell disk continuously. Figure 3 shows serial snapshot images, 
along with the corresponding mz profiles across the core center, when f equals 13.0 GHz, 
the n = 1 mode eigenfrequency. In the initial state, the VC has polarity of +1 and the 
magnetization stays in-plane elsewhere. At t = 112 ps, the n = 1 resonant field excites 
significant spin-wave oscillation. Then the spin-wave grows quickly in oscillation 
amplitude, which intensifies the periodic contraction and expansion of the VC due to 
the breathing nature of the radial mode. At t = 460 ps, the VC is compressed to a 
diameter of only 5 nanometers. Within the next 10 ps, the VC abruptly reverses polarity 
as its mz is reduced to 1 at t = 470 ps. Then high frequency spin-waves are emitted 
from the VC due to the release of large amount of exchange energy during the reversal 
period[22,38]. It is noteworthy in Fig. 3 that there is little spin-wave oscillation in the 
Fe ring region prior to the VC reversal, i.e., the Py/Fe interface effectively confines the 
spin-wave excitation in the Py core. Small amplitude spin-wave is observable in the Fe 
ring only after the radiation of high frequency spin-waves following the VC switching. 
Note that the rim of a homogeneous Py nanodisk also forms a natural boundary to 
confine the spin-wave[28]. However, significantly slower VC switching is reported by 
Dong et al.[48] for a homogeneous Py nanodisk of the same overall size as the core-
shell disk in the present study. They reported VC reversal at t = 556 ps under the 
excitation of a 30 mT oscillating field that is tuned to the n = 1 mode eigenfrequency.  
 
 
Fig. 3. Snapshot images showing the magnetization dynamics of the VC reversal process, after applying a 
perpendicular, resonant AC field tuned to the n = 1 mode eigenfrequency of 13 GHz. The corresponding mz profiles 
across the core center is presented below each snapshots. 
 Since the core-shell nanodisks demonstrate markedly different magnetization 
dynamics from the homogeneous disks, we further studied the dependence of VC 
reversal time (trev) on field frequency (f) in the f = 10 - 30 GHz range, with variable  
intervals as little as 0.1 GHz (Fig. 4, blue dotted lines) . The excitation field amplitude 
B0 is kept at 30 mT in these simulations. Figure 4(a) illustrates that the VC switching 
occurs in three frequency windows: 11.4 GHz 13.8 GHzf   (W1), 
18.5 GHz 18.9 GHzf   (W2) and 22.7 GHz 27.6 GHzf   (W3). In the U-
shaped W1, the fastest VC reversals are observed in the frequency range of 11.8 to 13.1 
GHz. In the rather narrow W2, trev equals to 586 ps at f = 18.5 GHz and quickly increases 
to a local maximum of 956 ps at f = 18.9 GHz, which is slightly lower than the n = 3 
mode eigenfrequency of 19.2 GHz. Note that no VC switching is observed when the 
field frequency is tuned exactly to the n = 3 mode eigenfrequency. In W3, trev displays 
downward trend as f increases. The trev is 752 ps at f = 22.7 GHz, and quickly declines 
to 350 ps at f = 23.5 GHz before it reaches a local maximum of 426 ps at f = 24.0 GHz, 
i.e. the n = 4 resonance frequency. The trev decreases to less than 300 ps as the field 
frequency is in the range of 24.5 GHz through 27.5 GHz. It is remarkable that the fastest 
VC reversal of trev = 248 ps is recorded at f = 27.5 GHz, which corresponds to the n = 
5 radial spin-wave mode. This result is in sharp contrast to previous findings obtained 
from homogeneous nanodisks, for which the fastest VC switching is observed only 
when the field frequency is tuned to the n = 1 mode, and VC is increasingly more 
difficult to be reversed by higher modes[23,38,39].  
 
Fig. 4. (a) Variation of trev with field frequency f. The AC external field is applied over the entire disk and the field 
amplitude is 30 mT. The FFT power spectrum of <mz-all> is also shown in order to illustrate the variation of trev 
around the mode eigenfrequencies. (b) Iz, saturated oscillation amplitude of <mz>, as a function of field frequency 
f, for different out-of-plane excitation amplitudes. At low field strengths, the resonance curve agrees well with a 
Lorentzian. When the excitation level increases, the resonance peaks show redshifting and acquire a skewness. 
Both phenomena are indicative of nonlinear effects. 
 
It is noteworthy in the foregoing discussions that the local minima of trev are 
observed below eigenfrequencies. Strangely enough, the n = 3, 4 and 5 
eigenfrequencies actually correspond to the local maxima of trev. Similar 
counterintuitive results were also reported in the studies of homogeneous 
MVs[38,39,49]. Nonetheless, the underlying mechanism of these phenomena remains 
unrevealed. To understand the intriguing relationship between trev and f around the 
mode eigenfrequencies, we conducted additional simulations in which sinusoidal 
fields are applied perpendicular to the disk plane for a duration of 8 ns. The field 
amplitude varies from 1 mT to 20 mT, while its frequency keeps in the range of 10 
GHz to 30 GHz. The spatially averaged z-component magnetization of the sample, 
<mz>, oscillates under the excitation of the external field. After turning on the 
sinusoidal field for about 4 ns, the oscillation amplitude of <mz> reaches saturation. 
We then recorded the saturated oscillation amplitude Iz, which is half the difference 
between the nearest maximum and minimum values of the <mz> oscillation[42]. 
Figure 4(b) shows the variation of Iz with f, for different excitation field amplitudes. 
When the external field strength is set as 1 mT, it is seen that the resonance peaks fit a 
Lorentzian and agree well with the FFT power spectrum displayed in Figure 2(a), since 
the sample is in the linear regime at the low excitation level. When the field amplitude 
is increased to 5 mT, the corresponding Iz ~ f curve in Figure 4(b) shows that the 
resonance peaks shift towards lower frequencies and acquires a skewness, an 
indication of nonlinear behavior[39]. As the field amplitude further increases, such 
nonlinearity grows accordingly, i.e. the resonance peaks show stronger redshifting and 
leftward skewness. Such nonlinear behavior of the core-shell nanodisk is analogous to 
a duffing oscillator[42] attached to a nonlinear softening spring (b < 0). At the 
excitation strength of 20 mT, the resonance frequencies were shifted to 11.9 GHz, 18.5 
GHz, 23.4 GHz, and 26.5 GHz for the n = 1, 3, 4, and 5 radial modes respectively. 
Note that, for excitation levels of 15 mT and 20 mT, small depressions appear near the 
resonance frequencies, as a result of VC reversal events[39] and subsequent emission 
of high-frequency spin-waves. For an excitation levels above 20 mT, the Iz ~ f curve 
is no longer obtainable because the VC reversal becomes much more rapid and the 
system never reaches a well-defined saturated oscillation amplitude Iz. We therefore 
conclude that the system reaches a saturation of resonance redshifting when the 
excitation amplitude is above 20 mT. By comparing the trev ~ f plot in Fig. 4(a) with 
the nonlinear resonance curves obtained at excitation of 20 mT (Fig. 4(b)), one finds 
out that the local minima of trev is in good agreement with the shifted resonance 
frequencies. The observation of VC reversals in wide range of frequencies in Fig. 4(a) 
is also attributable to the strong duffing-type nonlinear resonance of the system, under 
the excitation level of 30 mT.  
 
In conclusion, we demonstrated unusual spin dynamics in a core-shell magnetic 
nanodisk, under the excitation of AC magnetic field applied perpendicular to the disk 
plane. The Py core and the Fe shell display strong spin-wave oscillation at fundamental 
and higher order radial modes, respectively. The markedly different VC reversal 
behaviors found in this heterogeneous disk can be explained by its strong nonlinear 
spin-wave effects.  
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